P
ROSTATE CANCER CONTINUES to pose a great challenge to public health in the United States. Each year about 31,000 men in the United States lose their lives because of this disease (1) . Surgical or medical castration combined with antiandrogens targeting to block the androgen receptor (AR) signaling pathway, named as total androgen blockade, is the cornerstone for the therapy of late-stage patients (2) . Androgen and the AR signaling pathway play pivotal roles throughout prostate cancer development, including the androgen independent state (3) (4) (5) (6) (7) . AR, which is a member of the nuclear receptor (NR) superfamily, is a ligand-dependent transcription factor (8, 9) . Dissecting the precise molecular mechanism of how AR signaling is regulated in normal and malignant cells, and how its aberrant signaling might contribute to the progression and development of prostate cancer might greatly help in combating this androgen-related disease.
Numerous studies showed that upon ligand binding, AR needs coregulators for its optimal function (10) . Several AR coregulators, including the ARA54, ARA55, ARA67, ARA70, hRad9, cAMP response element binding protein binding protein (CBP), steroid receptor coactivator (SRC)-1, and phosphatase and tensin homolog have been identified, and their potential pathophysiological roles in prostate cancer progression have been studied (10 -24) . Although the detailed molecular mechanism of AR signaling regulation is still not well documented, it is well known that the interaction of these protein factors with AR influences almost every aspect of its function, including ligand-binding, N-C interaction, translocation to the nucleus, and DNA binding capacity, which affects the functional transcription of AR target genes, like the prostate-specific antigen (PSA) (10) . The aberrant function of AR coregulators might contribute to the development of androgen independent prostate cancer as well as the antiandrogen withdrawal syndrome.
ARA54 is an AR coactivator that interacts with AR and further induces AR transactivation up to 6-fold in human prostate cancer cell lines. It also enhances the mutant AR amino acid 877 mutation from threonine to alanine (mtART877A) transactivation in response to 17␤-estradiol (E2) and hydroxyflutamide (HF), suggesting its role in the development of the antiandrogen withdrawal syndrome (15) . The study of its dominant-negative mutant further reveals the functional role of ARA54 in prostate cancer (25) . Recent studies also confirmed the increasing expression level of ARA54 in the clinical prostate cancer specimens (26 -28) . These findings revealed the important roles played by ARA54 in the regulation of AR signaling and prostate cancer progression.
Recent studies showed that some protein factors can indirectly modulate the AR activity by their interaction with the AR coregulators (29) . These findings led us to hypothesize the presence of some unknown protein factors that might interact with ARA54 and modulate the signaling function of AR indirectly. By using the yeast two-hybrid assay system, we were able to isolate heterogeneous nuclear ribonucleoprotein (hnRNP) A1 as an ARA54-associated negative modulator for AR transactivation. hnRNP A1, which belongs to the large family of hnRNPs, functions as a mRNA-binding protein shuttling between the nucleus and cytoplasm (30 -32) . It plays important roles in the mRNA splicing (33, 34) , telomere elongation (35) , mRNA turnover, and translation (36) . Here we report that hnRNP A1 functions as an ARA54-interacting protein and a suppressor of ARA54-enhanced AR transactivation, which results in the growth suppression of LNCaP cells.
Materials and Methods

Materials and plasmid
Dihydrotestosterone (DHT) and E2 were obtained from SigmaAldrich (St. Louis, MO), and HF was from Schering-Plough Corp. (Kenilworth, NJ). The pACT2-prostate cDNA library and MarathonReady prostate cDNA library were purchased from Clontech (Palo Alto, CA) and pGEMTeasy vector was from Promega Corp. (Madison, WI). pAS2-ARA54 containing the full-length ARA54 fused to the GAL4 DNA binding domain (amino acids 1-147) was constructed by inserting the BamHI fragment of ARA54 in frame into the pAS2 plasmid. pGEX-GST-ARA54 was constructed as described previously (37) . pCMX-GAL4-AR and pCMX-VP16-AR were constructed for mammalian two-hybrid assay (13, 38) . pCMV-mtART877A has been described previously (39) . pM-ARA54 and pVP16-ARA54 were constructed by inserting the BamHI fragment of ARA54 in frame to the pM and pVP16 vectors, respectively. pSG5-ARA54, mouse mammary tumor virus luciferase (MMTV-LUC), pG5-LUC, and pRL-TK have been described previously (25) . Full-length hnRNP A1 cDNA was amplified from Marathon-Ready prostate cDNA library using PCR and cloned into the pGEMTeasy vector and subcloned into pSG5 expression vector via the EcoRI site. pcDNA3-Flag-hnRNP A1 and pVP16-hnRNP A1 were generated by insertion of the full-length human hnRNP A1 cDNA via EcoRI sites. Sequencing confirmed all the constructs. Anti-ARA54 and anti-PSA antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), and anti-Flag antibody was from Sigma-Aldrich. Anti-hnRNP A1 antibody was purchased from Abcam (Cambridge, MA). pSG5-ARA70N, pSG5-ARA55, pSG5-gelsolin, pSG5-supervillin, pSG5-SRC-1, and pSG5-CBP have been described previously (12, 13, 40 -43) . pM-53 and pVP16-T were purchased from Clontech. The LNCaP, 3T3, DU145, and COS-1 cells were obtained from the American Type Culture Collection (Manassas, VA). Cell culture media RPMI-1640 and DMEM were obtained from Life Technologies, Inc (Rockville, MD).
Yeast two-hybrid screening
A fusion protein (GAL4-ARA54) containing GAL4 DNA-binding domain and full-length ARA54 was used as bait to screen 1.26 ϫ 10 6 transformants of MATCHMAKER human prostate cDNA library (Clontech). Transformants were selected for growth on nutrition selection plates containing synthetic dropout media lacking histidine, leucine, and tryptophan (Ϫ3SD) with 20 mm 3-aminotriazole. Colonies were also filter-assayed for ␤-galactosidase activity. DNA from positive clones was recovered from yeast using PCR . The PCR primers were sense:  5Ј-GGG TTT TTC AGT ATC TAC GAT TCA TAG A-3Ј, and antisense:  5Ј-CTA TTC GAT GAT GAA GAT ACC CCA CCA AAC CC-3Ј . The annealing temperature was 58 C. The PCR products were sequenced and then digested with BglII and cloned into pVP16 vector via the BamHI site. The full-length cDNA of candidate genes were generated by PCR using the Clontech Marathon-Ready cDNA library as template, the PCR primers were sense: 5Ј-ACC CTG CCG TCA TGT CTA AG-3Ј, and antisense: 5Ј-CTG TAG CTT CCC TGT CAC TTC T-3Ј. The PCR product was cloned into the pGEMTeasy vector, and then further inserted into the pSG5, pVP16, and pcDNA3-Flag vector.
Cell culture, transient transfections, and reporter gene assays
COS-1, 3T3, LNCaP, and DU145 cells were grown in appropriate medium at 1-4 ϫ 10 5 cells in 24-well plates. Transfections were performed using SuperFect (QIAGEN, Inc., Valencia, CA) according to the manufacturer's procedure. After incubation for 2-3 h, the medium was changed, and cells were treated with ethanol or DHT for another 24 h and then harvested for luciferase assay. In each experiment, the total amount of transfected DNA/well was maintained as a constant by the addition of empty backbone vectors (pSG5, pVP16, or pcDNA3-Flag) or scrambled small interfering (si) RNA. The MMTV-LUC plasmid was used as the reporter gene. pRL-TK was used as an internal control. The Dual-luciferase reporter 1000 assay system (Turner Designs, Inc., Sunnyvale, CA) was used to measure luciferase activity. The activity of the experimental reporter was normalized to the activity of the internal control to minimize the experimental variability caused by differences in cell viability or transfection efficiency.
Mammalian two-hybrid assay
3T3 cells were transiently cotransfected with a GAL4-hybrid expression plasmid, a VP16-hybrid expression plasmid, the reporter plasmid pG5-LUC, and the pRL-TK internal control plasmid. Cells were treated with DHT or ethanol for 24 h and then harvested for luciferase assay. The activities of renilla luciferase were used to normalize any variations in transfection efficiency.
In vitro glutathione-S-transferase (GST) pull-down assay
GST pull-down assays were performed as described previously (17) . Briefly, the full-length hnRNP A1 was in vitro translated in the presence of [ 35 S] methionine using T7 polymerase and the coupled transcription/ translation kit (Promega). pGEX-GST-ARA54 plasmids expressing the GST-ARA54 fusion protein were transformed into BL21(DE3) bacteria strain, and 0.4 mm isopropyl-␤-D thiogalactopyranoside was added into LB medium containing transformed bacteria when the OD 600 reached 0.5. Bacteria were further cultured at 30 C for 3 h and lysed by 4 cycles of freezing-thawing in NENT buffer (20 mm Tris/pH 8.0, 0.5% Nonidet P-40, 100 mm NaCl, 6 mm MgCl 2 , 1 mm EDTA, 1 mm dithiothreitol, 8% glycerol, and 1 mm phenylmethylsulfonyl fluoride). The GST-ARA54 fusion proteins were purified with glutathione-beads at 4 C. For in vitro interaction, mixtures of glutathione bead-bound GST fusion proteins and 5 l [
35 S]methionine-labeled input proteins in 100 l interaction buffer (50 mm HEPES, 100 mm NaCl, 20 mm Tris-Cl/pH 8.0, 0.1% Tween 20, 10% glycerol, 1 mm dithiothreitol, 0.5 mm phenylmethylsulfonyl fluoride, 1 mm NaF, and 0.4 mm sodium vanadate) at 4 C for 2 h. The beads were then washed with NENT buffer four times, resuspended in SDS-PAGE loading buffer, and resolved on 12% SDS-PAGE gel electrophoresis followed by autoradiography.
Co-immunoprecipitation of hnRNP A1 and ARA54
Co-immunoprecipitation of hnRNP A1 and ARA54 was performed as described previously (44) . Briefly, LNCaP cells cultured in RPMI-1640 supplemented with 10% nonheated-inactivated fetal bovine serum (FBS) were lysed using lysis buffer [1% Nonidet P-40, 10% glycerol, 135 mm NaCl, 40 mm Tris/pH 7.4, 1 mm phenylmethylsulfonyl fluoride, 1 mm dithiothreitol, and 1ϫ protease inhibitor cocktail (Hoffmann-La Roche Inc., Nutley, NJ)]. Lysates were clarified by centrifugation, and then 500 g protein was incubated with 2 g anti-Flag antibody or IgG for 4 h at 4 C with agitation. A total of 35 l protein A/G plus agarose was added to each sample and incubated for 1 h. After washing three times with RIPA buffer, the complex was resolved on a 10% SDS-polyacrylamide gel. The separated proteins were transferred to a polyvinylidene difluoride membrane, and then blotted with anti-ARA54 and antihnRNP A1 antibody. An alkaline phosphatase detection kit (Bio-Rad Laboratories, Hercules, CA) resolved the bands.
Construction of DNA vector-based RNA interference plasmids
siRNA target sites were selected by scanning the cDNA sequence of hnRNP A1 and ARA54 using the Oligoengine (Seattle, WA) siRNA designing software and BLAST search to eliminate any sequence with significant homology to other genes. The siRNA inserts, containing selected 19-nt coding sequences, followed by a 9-nt spacer, an inverted repeat of the coding sequence, plus 5 Ts, were generated as doublestranded DNAs with HindIII and BglII sites, and then cloned into plasmid pSUPERIOR.retro.puro (Oligoengine). The corresponding oligos for generating hnRNP A1 siRNA were 5Ј-GAT CCC CTG AGA GCC TGA GGA GCC ATT TCA AGA GAA TGG CTC CTC AGG CTC TCA TTT TTA-3Ј and 5Ј-AGC TTA AAA ATG AGA GCC TGA GGA GCC ATT CTC TTG AAA TGG CTC CTC AGG CTC TCA GGG-3Ј (position 80 -99). A nonfunctional scrambled siRNA was constructed as a negative control, which contains nucleotide substitutions at the 19-nt targeting sequence of siRNA. The corresponding oligos for generating this scrambled siRNA control were 5Ј-GAT CCC CGA GAG TGT CCA CCT ACA TAT TCA AGA GAT ATG TAG GTG GAC ACT CTC TTT TTA-3Ј and 5Ј-AGC TTA AAA AGA GAG TGT CCA CCT ACA TAT CTC TTG AAT ATG TAG GTG GAC ACT CTC GGG-3Ј. The corresponding oligos for generating ARA54 siRNA sequences were: 5Ј-GAT CCC CAT GCC TCA ACT GCC CAG AAT TCA AGA GAT TCT GGG CAG TTG AGG CAT TTT TTA-3Ј, 5Ј-AGC TTA AAA AAT GCC TCA ACT GCC CAG AAT CTC TTG AAT TCT GGG CAG TTG AGG CAT GGG-3Ј (position 782-801).
Establishment of cell lines stably transfected with the plasmid encoding siRNA against ARA54 and hnRNP A1
The pSUPERIOR.retro.puro (Oligoengine) vector based siRNA against the ARA54 and hnRNP A1 was constructed and delivered into LNCaP cells using retrovirus-mediated transfection. Briefly, 10 g siRNA were transfected into Phoenix packaging cells using SuperFect. After 48-h transfection, the cell culture medium was filtered through a 0.45-m filter. The viral supernatant was used for infection of cells after addition of 4 g/ml polybrene. Cells were infected for 6 h and allowed to recover for 24 h with fresh medium. Infected cells were selected with puromycin (3 g/ml for 48 h).
Establishment of cell lines stably transfected with the plasmid encoding hnRNP A1
The pcDNA3-Flag vector contains a selective marker conferring resistance to neomycin for the generation of stable cell lines. We first constructed pcDNA3-Flag-hnRNP A1 and then transfected it into LNCaP cells using SuperFect transfection reagent. After transfection, cells were cultured in the presence of 300 g/ml neomycin (Invitrogen, Corp., Carlsbad, CA) to select for stably transfected cells that had incorporated the pcDNA3-Flag based construct. After selection for an additional 2 wk, individual clones were picked. We then confirmed the stable expression of hnRNP A1 in the selected clones using real-time RT-PCR and Western blotting.
Cell proliferation assay
LNCaP cells were seeded in 24-well plates at a density of 4000 cells/ cm 2 in medium containing 10% CD-FBS with 1 nm DHT. At the indicated time points, the medium was replenished, and cell proliferation was determined by methyl thiazolyl tetrazolium (MTT) assay (SigmaAldrich). Serum-free medium containing MTT (0.5 mg/ml) was added into each well. After 4 h incubation at 37 C, the stop solution was added to solubilize the formazan product, and the absorbance was recorded.
Real-time RT-PCR
Total RNA was extracted from tissue or cells using TRIZOL (Invitrogen). We performed RT with the SuperScript II kit (Invitrogen) and PCR amplifications with SYBR Green PCR Master Mix on an iCycler IQ multicolor real-time PCR detection system (Bio-Rad Laboratories). The PCR was performed as follows: initial denaturation at 95 C for 10 min, and 45 cycles of denaturation at 95 C for 30 sec, annealing at 60 C for 30 sec, and extension at 72 C for 30 sec. Primer sequences were: hnRNP A1: sense: 5Ј-CTC TTC ATT GGA GGG TTG-3Ј, antisense: 5Ј-TGT GGC CTT GCA TTC ATA-3Ј; ARA54: sense: 5Ј-CTA GTC TTC TAC CTC ATC TTC-3Ј, antisense: 5Ј-CGA AAT GAA TAC CTG CAA GCG-3Ј; ␤-actin, sense 5Ј-TGT GCC CAT CTA CGA GGG GTA TGC-3Ј and antisense 5Ј-GGT ACA TGG TGG TGC CGC CAG ACA-3Ј. ⌬Threshold cycle (⌬CT) values were calculated by subtracting the CT value from the corresponding ␤-actin CT (internal control) value from each time point. Agarose-gel electrophoresis confirmed the absence of nonspecific amplification products.
Western blotting assay
Protein samples collected from the cells were separated on SDS-10% PAGE and transferred to polyvinylidene difluoride membrane. Membranes were blocked with 5% nonfat milk in TBST buffer (150 mm NaCl, 10 mm Tris/pH 8.0, and 0.5% Tween 20) at room temperature for 1 h. The membranes were then immunoblotted with primary antibodies for 2 h at room temperature or overnight at 4 C, followed by incubation with secondary antibodies for 1 h at room temperature. Blots were developed with the AP color developing reagents (Bio-Rad Laboratories), and the Western data were quantified by Quantity one software (Bio-Rad Laboratories).
Results
Identification of hnRNP A1 as an ARA54-interacting protein
We screened the human prostate cDNA library using the Clontech MATCHMAKER yeast two-hybrid assay system. Full-length ARA54 fused to the GAL4 DNA-binding domain was used as bait to screen 1.26 ϫ 10 6 transformants of MATCHMAKER human prostate cDNA library. Full-length cDNA of three positive clones were then amplified and cloned into the pSG5 expression vector for further characterization. Sequence analysis determined that one of the candidate clones matched the hnRNP A1 sequence, and its interaction with ARA54 was further confirmed in the yeast growth assay and colony lift assay for ␤-galactosidase on Ϫ3SD nutrition selection plates (data not shown), as well as mammalian two-hybrid assay. Figure 1A shows that in 3T3 cells, the full-length hnRNP A1 protein interacts strongly with ARA54 in the absence or presence of androgen (Fig. 1A,  lane 5) , while it showed little interaction with AR in the same mammalian two-hybrid assay system (Fig. 1A, lane 6) . Using the GST pull-down assay, we further tested the interaction between hnRNP A1 and ARA54 in vitro. As depicted in Fig.  1B , the GST-ARA54 fusion protein can pull down the in vitro translated [
35 S]-labeled hnRNP A1. The in vivo co-immunoprecipitation test further showed that the endogenous hnRNP A1 can be co-immunoprecipitated with the endogenous ARA54 in LNCaP cells (Fig. 1C) . We were then interested to know if hnRNP A1 can be complexed to AR directly. Using AR antibody, we were able to co-immunoprecipitate ARA54, but not hnRNP A1 (Fig. 1D) . Together, the yeast and mammalian two-hybrid assays, in vitro GST pull-down, and in vivo co-immunoprecipitation assay all indicate that hnRNP A1 can interact with ARA54. In contrast, the hnRNP A1 showed little interaction with AR in the mammalian twohybrid system.
hnRNP A1 selectively suppressed the ARA54-enhanced AR transactivation
We then tested the effect of hnRNP A1 on the AR transactivation in mammalian cells. In 3T3, which is an ARA54-negative cell line (see Fig. 3A ), ARA54 can further enhance the AR transactivation 4 -6-fold ( Fig. 2A, lanes 5 and 9 vs. 2) . The addition of hnRNP A1 significantly suppressed the ARA54-enhanced AR transactivation (Fig. 2A, lanes 6, 7, and 8 vs. 5,  lanes 10, 11, and 12 vs. 9) . Similar suppression effects were also observed when we replaced 3T3 cells with DU145 cells, another ARA54-negative prostate cancer cell line (15, 25) (Fig. 2A) . These data suggested that hnRNP A1 might function as a negative regulator for AR via interaction with ARA54. We also tested the suppressive effect of hnRNP A1 on the ARA54-enhanced mtART877A transactivation induced by HF and E2. As shown in Fig. 2B , addition of hnRNP A1 could effectively suppress the ARA54-enhanced mtART877A transactivation induced by E2 and HF in COS-1 cells (lanes 13 and 14 vs. 12). We further tested the effect of hnRNP A1 on the AR transactivation enhanced by other AR coregulators, such as the ARA70, ARA55, SRC-1, supervillin, gelsolin, and CBP. As shown in Fig.  2C , hnRNP A1 showed little effect on the AR transactivation enhanced by these coregulators except for ARA54. These data suggested that hnRNP A1 might function as a relatively specific modulator for ARA54.
ARA54 is essential for hnRNP A1's suppressive effect on AR transactivation
Because the hnRNP A1 showed little effect on AR transactivation without exogenously transfected ARA54 (Fig. 2A,  lanes 3 and 4 vs. 2), and hnRNP A1 showed little interaction with AR (Fig. 1A, lane 6 ), we were interested to know whether ARA54 is essential for the suppressive effect of hnRNP A1 on the AR transactivation. First, we used ARA54-negative cell line 3T3 and the ARA54-positive cell line LNCaP to test the effect of hnRNP A1 on the AR transactivation without exogenously transfected ARA54. Fig. 3A showed the differential expression of endogenous ARA54 in LNCaP and 3T3 cell lines. In the ARA54-negative 3T3 cell lines, the addition of hnRNP A1 did not significantly suppress the AR transactivation (Fig. 3B) , while the addition of hnRNP A1 to the ARA54-positive LNCaP cells significantly suppressed the AR transactivation (Fig. 3C) . The differential effect of hnRNP A1 on the AR transactivation in ARA54-positive and ARA54 negative cell lines suggested that hnRNP A1 requires interaction with ARA54 to mediate its suppressive effect on AR transactivation. To confirm further our hypothesis that ARA54 is necessary for the suppression of AR activity by hnRNP A1, we used retrovirus-delivered siRNA against ARA54 to abolish endogenous ARA54 ex-
FIG. 1. ARA54 interacts with hnRNP A1 in vitro and in vivo.
A, Mammalian two-hybrid assay: 3T3 cells cultured in 24-well plates were co-transfected with 0.5 g pVP16, pM, pM-ARA54, pVP16-ARA54, pCMX-GAL4-AR, pCMX-VP16-AR, and pVP16-hnRNP A1 as indicated together with 0.4 g pG5-LUC reporter plasmid and 0.5 ng pRL-TK internal control plasmid. The luciferase activity of the interaction between pM and pVP16 without ethanol treatment (lane 1) was set as 100%. All values represent the mean Ϯ SD of three independent experiments. B, ARA54 interacts with hnRNP A1 in vitro. GST pull-down assay was performed with purified GST control protein and GST-ARA54 fusion protein with 5 l of [
35 S] methioninelabeled full-length hnRNP A1. C, hnRNP A1 co-immunoprecipitated with ARA54. LNCaP cells were cultured in RPMI-1640 supplemented with 10% non-heat-inactivated FBS. Anti-ARA54 antibody or normal goat IgG was added to 500 g LNCaP cell lysate for 4 h at 4 C to immunoprecipitate the endogenous ARA54 and hnRNP A1 complex. D, hnRNP A1 cannot be co-immunoprecipitated with AR. LNCaP cells were cultured in RPMI-1640 supplemented with 10% non-heat-inactivated FBS. Anti-AR antibody or normal goat IgG was added to 500 g LNCaP cell lysate for 4 h at 4 C to immunoprecipitate the endogenous ARA54 and hnRNP A1 complex.
pression in LNCaP cells. Figure 3D showed the silencing of endogenous ARA54 in the siRNA stably transfected LNCaP cell lines. In the ARA54-siRNA transfected LNCaP cells, the suppressive effect of hnRNP A1 was abolished (Fig. 3E, upper  panel, lanes 3-6 vs. 2), while in the scrambled siRNA transfected cells, hnRNP A1 can still suppress the AR transactivation (Fig. 3E, lower panel, lanes 3-6 vs. 2) . These results confirmed our hypothesis that hnRNP A1 might require interaction with ARA54 to suppress the AR transactivation.
hnRNP A1 blocked the interaction between ARA54 and AR, as well as the ARA54 homodimerization
To explore the possible molecular mechanisms of how hnRNP A1, an ARA54-associated protein, can suppress the ARA54-enhanced AR transactivation, we proposed that hnRNP A1, by interacting with ARA54, an important coactivator of AR, might reduce the ARA54 interaction with AR. Figure 4A showed that the addition of pcDNA3-Flag-hnRNP A1 significantly suppressed the interaction between AR and ARA54 in a dose-dependent manner (Fig. 4A, lanes 4 -6 vs. 3) . One important step in the coregulation of ARA54 on AR function is the homodimerization of ARA54 (25). We hypothesized that another possible molecular mechanism is that this protein might block the ARA54 homodimerization. In the same mammalian two-hybrid system, we co-transfected the pM-ARA54 and pVP16-ARA54. By the addition of pcDNA3-Flag-hnRNP A1, the ARA54 homodimerization was significantly suppressed (Fig. 4B, lanes 4 -6 vs. 3) . In the same mammalian two-hybrid assay systems, we see little effect of hnRNP A1 on the interaction between pM-53 and pVP16-T (Fig. 4A and 4B , lanes 7-9 vs. 6). Although they cannot exclude the involvement of auxiliary proteins, these preliminary data suggested that hnRNP A1, by its interaction with ARA54, might suppress the interaction between ARA54 and AR, as well as the ARA54 homodimerization. This effect is not the result of suppression on the reporter gene by hnRNP A1. 
The silencing of endogenous hnRNP A1 enhanced the AR transactivation in LNCaP cells
To further reduce the possible artificial effects caused by the exogenously transfected hnRNP A1 on the AR transactivation, we applied siRNA to suppress the expression of endogenous hnRNP A1 and observed the effect of hnRNP A1 silencing on the AR transactivation. There were three candidates of siRNA against the hnRNP A1 constructed, and their silencing effect on endogenous hnRNP A1 was evaluated using real-time RT-PCR assay (data not shown). As shown in Fig. 5A , the endogenous hnRNP A1 can be reduced to about 20% by the transient transfection of hnRNP A1-siRNA. In this assay, the vector containing the scrambled sequence of siRNA was used as a control. As shown in Fig.  5B , the AR transactivation was increased 2-3-fold by the suppression of endogenous hnRNP A1. This result suggests that the silencing of endogenous hnRNP A1 might activate the coactivator function of endogenous ARA54 to enhance AR transactivation.
Addition of hnRNP A1 suppressed AR-mediated LNCaP cell growth and PSA expression
We then stably transfected hnRNP A1 into the LNCaP cells and used neomycin to select the stable clones. After selection, Western blotting confirmed the expression of hnRNP A1 in stably transfected cells (Fig. 6A, left panel) . After 1 nm 5␣-DHT treatment for 48 h, the PSA expression of the hnRNP A1-transfected LNCaP cells was significantly lower, while the AR expression was not affected compared with the vector-transfected cells (Fig. 6A, right panel) . Quantitation of Western blotting showed that PSA expression was reduced to 54% comparing to vector alone (Fig. 6A) . We then seeded the pcDNA3-FlaghnRNP A1 and pcDNA3-Flag vector LNCaP sublines in 24-well plates and treated them with 1 nm DHT for 7 consecutive days. The growth assay test in Fig. 6B showed that the addition of hnRNP A1 had a significant suppressive effect on the LNCaP cell growth. These data suggested that in accordance with the suppression of ARA54-enhanced AR transactivation, the ARmediated LNCaP cell growth and PSA expression were suppressed by addition of hnRNP A1. As the suppressive effect of hnRNP A1 on the AR function is ARA54-dependent (Fig. 3) , we would like to determine whether the growth suppressive effect of hnRNP A1 on the LNCaP is also ARA54 dependent. We used retrovirus-delivered siRNA to silence the endogenous ARA54 in hnRNP A1 and vector stably transfected LNCaP cells. Stable ARA54-siRNA transfected cells were selected by puromycin. In the 7-d growth assay, we found that the growth suppression effect of hnRNP A1 was reduced upon the silencing of endogenous ARA54 (Fig. 6C) .
Silencing of endogenous hnRNP A1 via siRNA promoted the growth of LNCaP cells and PSA expression
We then used siRNA to silence the endogenous hnRNP A1 in LNCaP cells to confirm the suppressive effect of hnRNP A1 on cell growth and PSA expression. We stably transfected hnRNP A1-siRNA into the LNCaP cells and selected them with puromycin. After selection, Western blotting confirmed the expression of hnRNP A1 in stably transfected cells (Fig.  7A) . After 1 nm DHT treatment for 48 h, the PSA expression in the hnRNP A1-siRNA-transfected LNCaP cells was significantly increased, while the AR expression was not affected compared with the scrambled siRNA-transfected cells (Fig. 7A, left panel) . Quantitation of Western blotting showed that PSA expression increased to 196% (Fig. 7A, right panel) . We then seeded the hnRNP A1-siRNA or scrambled siRNA LNCaP sublines in 24-well plates and treated them with 1 nm DHT for 7 consecutive days. As expected, stable transfection of hnRNP A1-siRNA enhanced LNCaP cell growth (Fig. 7B) . Together, both the addition and silencing of hnRNP A1 demonstrated that hnRNP A1 might suppress prostate cancer cell growth via inhibition of ARA54-enhanced AR activity and AR-mediated LNCaP cell growth.
Discussion
Sustained blocking of the AR signaling pathway is critical for controlling prostate cancer progression. Although multiple strategies have been used to reduce serum levels of androgens or interfere with their function via AR, combined androgen blockade using medical or surgical castration with antiandrogens is currently a standard treatment for advanced prostate cancer (45) . One serious problem for current androgen ablation therapy is the severe side effects caused by the systemic suppression of AR signaling in all types of cells expressing functional AR, while regulated AR signaling is essential for the proper function of many important organs, like the male fertility, cardiovascular system, and bone. Severe side effects, like the loss of libido, erectile dysfunction, male infertility, osteoporosis, and increased incidence of cardiovascular diseases, usually result from the undifferentiated and sustained blocking of AR signaling in these organs. How to suppress AR function more specifically in the malignant cells with minimal influence to the normal cells and organs poses a severe challenge to successful treatment. The differential distribution and expression of AR coregulators and their modulators in different cell types allows the modulation of AR signaling in a cell typespecific manner. Accumulating evidence showed that the progression of prostate cancer and its acquisition of androgen independence were accompanied with changing expression profiles of AR coregulators. In our study we showed the increased expression of ARA54 in prostate cancer tissues compared with the normal tissues (Yang, Z., and Y.-J. Chang, unpublished observations). If the therapy targets specific AR coregulators, like ARA54, and their modulators instead of directly targeting to AR, only the prostate cancer cells expressing specific AR coregulators will be suppressed, while the AR signaling in normal cells with low or no expression of this coregulator would be unaffected. The identification and characterization of AR coregulators and their interacting proteins may pave the way to find potential therapeutic strategies of suppressing AR function by interrupting the interaction between AR and its coregulators. hnRNP A1 shows a suppressive effect on AR function via selective suppression of ARA54-enhanced AR transactivation and AR-mediated prostate cancer cell growth. Molecular mechanism dissection showed that this suppressive effect might be via the interruption of AR-ARA54 heterodimerization and ARA54 homodimerization. hnRNP A1 inhibited AR transactivation in cancer cells expressing ARA54, while hnRNP A1 did not affect AR signaling in fibroblast 3T3 cells without ARA54 expression. These findings suggested that new approaches targeting AR coregulator's modulator, without directly affecting AR, might have better therapeutic effects with fewer side effects in the treatment of prostate cancer.
Although initially effective, total androgen blockade therapy used in the treatment of prostate cancer may eventually fail to sustain its efficacy when continued beyond 1-2 yr (46). Cancer cells become resistant to ablation therapy, and AR loses its specificity and becomes activated by antiandrogens. Earlier studies suggested AR mutations and aberrant expression of AR coregulators as reasons for the antiandrogen withdrawal syndrome (10, (47) (48) (49) . Our previous study showed that ARA54, in addition to enhancing the DHT-induced wtAR transactivation, also enhanced mtART877A transactivation induced by E2 and HF (15) . Interestingly, in this study the ARA54-enhanced mtART877A transactivation induced by E2 and HF was abrogated by hnRNP A1, suggesting that the effect of hnRNP A1 might be helpful in the suppression of mutant AR transactivation induced by antiandrogens.
In this study we demonstrated the dual functional roles played by ARA54 in the AR signaling regulation. In addition to its direct AR coregulator function, ARA54 also mediates the suppressive effect of hnRNP A1 on the AR function. These findings further strengthened the in vivo coregulator role of ARA54. AR coregulators like ARA54 might influence AR function via direct coregulator activity as well as mediating its interacting protein(s) modulator function. To further identify and characterize modulators for AR coregulators and their effect on the AR signaling pathway might shed light on the complicated molecular mechanism of AR signaling regulation. The detailed molecular mechanistic dissection may pave the way to better understanding the functional roles played by AR signaling pathway in the androgen-related diseases, like the prostate cancer.
The overexpression of hnRNP A1 might be used as a gene therapy strategy for the treatment of prostate cancer. Our findings of expressing ectopic hnRNP A1 in a human prostate cancer cell line suppressed its growth, and the expression of PSA suggests its potential suppressor role in prostate cancer development. It is likely that the loss of hnRNP A1 suppression in prostate cancer might activate the ARA54 coactivator function, which might result in the AR-mediated prostate cancer progression. The study of hnRNP A1 and ARA54 in prostate cancer might provide insights into the malignant process and potentially generate both diagnostic and prognostic markers, as well as future treatment strategies.
To compare hnRNP A1 effects with other AR corepressors, we transfected hnRNP A1 in the presence and absence of other repressors, such as SMRT, in LNCaP cells. The results showed only little additive effects on the suppression of AR transactivation (data not shown), suggesting that these two corepressors might have their own distinct mechanisms to suppress AR transactivation. In addition, we found that overexpressing hnRNPA1 in AR negative DU145 cells results in little influence on the cell viability, suggesting that AR signals might play important roles in the hnRNP A1 effects. Finally, we also examined the hnRNP A1 effects on other NRs. Early results indicated that hnRNP A1 had different effects on different NRs. For example, hnRNP A1 showed little effects on estrogen receptor-mediated transactivation in MCF-7 cells (supplemental Fig. 1 , published on The Endocrine Society's Journals Online web site at http://endo. endojournals.org). We are on the way to study further the effects of hnRNP A1 on the other NRs.
In conclusion, hnRNP A1 can selectively repress the ARA54-enhanced AR transactivation by interrupting the interaction between AR and ARA54, as well as ARA54 homodimerization. hnRNP A1 overexpression suppresses the AR-mediated prostate cancer cell growth and PSA expression in LNCaP cells. Our study will lead to a further understanding of the complexity of the molecular mechanism of androgen action in prostate, and support the important roles played by hnRNP A1 and ARA54 in the development and progression of prostate cancer. The protein levels of hnRNP A1, AR, and PSA were assayed using Western blot. B, The stable cell lines transfected with hnRNP A1-siRNA or scrambled siRNA were cultured with RPMI-1640 medium supplemented with 10% CD FBS and 1 nM DHT. Cell growth was determined using MTT assay.
